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(57) ABSTRACT

In one aspect, embodiments of the present invention provide
an aerosolization device for ensuring proper delivery of an
aerosolized medication to a user’s respiratory system. The
aerosolization device may include a conduit, an aerosol
generator, a restrictor disposed within the conduit, and an
indicator mechanism. The conduit may include a mouth-
piece end by which a user may cause inspiratory flow
through the conduit. The aerosol generator may include a
vibratable mesh. The restrictor may define a plurality of
apertures disposed along an outer periphery of the restrictor
configured to provide an increase in pressure differential that
varies with an inspiratory flow rate within the conduit and to
provide a relatively laminar flow downstream of the restric-
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tor compared to upstream of the restrictor. The indicator
mechanism may indicate to a user a state of a parameter of
the inspiratory flow relative to a predefined desired range.
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1
AEROSOLIZATION SYSTEM WITH FLOW
RESTRICTOR AND FEEDBACK DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 14/743,763, filed on Jun. 18, 2015,
entitled “AEROSOLIZATION SYSTEM WITH FLOW
RESTRICTOR AND FEEDBACK DEVICE,” which claims
the benefit of U.S. Provisional Application No. 62/019,791,
filed on Jul. 1, 2014, entitled “AEROSOLIZATION SYS-
TEM WITH FLOW RESTRICTOR AND FEEDBACK
DEVICE,” the entire disclosures of which are hereby incor-
porated by reference, for all purposes, as if fully set forth
herein.

BACKGROUND OF THE INVENTION

Aerosolization systems provide effective delivery for a
variety of medicaments, such as insulin and asthma medi-
cations. Such systems deliver the medicaments directly to a
user’s respiratory system by aerosolizing a desired dose of
the medicament in liquid form. The user then inhales the
aerosolized medicament directly into the respiratory system,
enabling faster treatment of various medical conditions.

Delivery of accurate and consistent metered doses of
aerosolized medicament to a user is very important. Current
aerosolization systems often provide inconsistent doses by
allowing some of the medicament to remain in a reservoir in
liquid form after the aerosolization process is completed.
Additionally, the aerosolized medicament is often delivered
with too great or too little force for substantially all of the
metered dose to properly enter the user’s respiratory system.
A further problem of current aerosolization systems is a
tendency for the medicament to become contaminated by the
user or other sources. Contamination of the medicament is
particularly problematic since some or all of the contami-
nated medicament is thereafter delivered directly to the
user’s respiratory system after aerosolization. Embodiments
of the invention may provide solutions to these and other
problems.

BRIEF SUMMARY OF THE INVENTION

According to one aspect, a method of operating an inhaler
comprises receiving a dose of liquid medicament onto a
vibratable mesh, and measuring a flowrate of air flowing
through the inhaler, the flow of air resulting from an inha-
lation by a user of the inhaler. The method further comprises
actuating a vibratable element to vibrate the mesh, causing
aerosolization of liquid medicament and creating a plume of
aerosolized liquid medicament in the flowing air. The
method further comprises, when the flowrate is between a
first threshold value and a second threshold value greater
than the first, continuing to vibrate the mesh and providing
a first indication to the user of the inhaler indicating that the
flowrate is in a desired range between the first and second
threshold values. When the flowrate exceeds the second
threshold value, vibration of the mesh is stopped and a
second indication is provided to the user of the inhaler
indicating that the flowrate is above the desired range. When
the flowrate falls below the first threshold value during
aerosolization of the liquid medicament, vibration of the
mesh is stopped and a third indication is provided to the user
of the inhaler indicating that the flowrate is below the
desired range. The method further comprises, after substan-
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2

tially the entire amount of liquid medicament received onto
the mesh has been aerosolized, providing a fourth indication
to the user of the inhaler indicating that dosage is complete.
In some embodiments, the first, second, third, and fourth
indications are visual indications. In some embodiments, the
first, second, third, and fourth indications are provided via
illumination of one or more lights, and include one or more
indicators selected from the group consisting of light of a
particular color, a constantly-illuminated light, a flashing
light, a light the flashes at different rates for different
indications, and a light that changes color. In some embodi-
ments, the first threshold value is about 7 L/min and the
second threshold value is about 14 L/min. In some embodi-
ments, the method further comprises providing the third
indication before the flowrate has reached the first threshold
value. In some embodiments, the first indication is con-
stantly-illuminated light of a first color, the second indica-
tion is light flashing at a first rate, the third indication is light
flashing at a second rate slower than the first rate, and the
fourth indication is light of a second color different from the
first. In some embodiments, the first, second, third, and
fourth indications are all provided by a single multi-color
light emitting diode. In some embodiments, the method
further comprises, when aerosolization of the dose of medi-
cament is completed during an inhalation by the user of the
inhaler, delaying the fourth indication. In some embodi-
ments, more than one inhalation by the user of the inhaler is
required to achieve aerosolization of substantially the entire
dose of liquid medicament.

In another aspect, a method for operating an inhaler
comprises receiving a dose of liquid medicament onto a
mesh, and measuring a flowrate of air flowing through the
inhaler, the flow of air resulting from an inhalation by a user
of the inhaler. The method further comprises actuating a
vibratable element to vibrate the mesh, causing aerosoliza-
tion of liquid medicament from the liquid medicament dose
and creating a plume of aerosolized liquid medicament in
the flowing air. The method further comprises, when the
flowrate is between 7 [/min and 14 L/min, continuing to
vibrate the mesh and constantly illuminating a light that is
visible to the user of the inhaler and, when the flowrate
exceeds 14 L/min, stopping vibration of the mesh and
causing the light to flash. In some embodiments, the method
further comprises, when the flowrate falls below 7 L/min
during aerosolization of the liquid medicament, stopping
vibration of the mesh and causing the light flash more slowly
than when the flow rate is above 14 L/min. In some
embodiments, the method further comprises, after substan-
tially the entire amount of liquid medicament received onto
the mesh has been aerosolized, generating constantly-illu-
minated light of a different color than when the flow rate is
between 7 and 14 L/min.

In another aspect, an aerosolization system comprises a
housing defining a mouthpiece and a liquid receptacle
fluidly coupled to the mouthpiece, wherein the liquid recep-
tacle defines an opening configured to receive a dosage of
liquid, and an aerosol generator disposed within the housing.
The aerosol generator comprises a mesh and a vibratable
element configured to vibrate the mesh to turn the dosage of
liquid into an aerosol. The aerosolization system further
comprises a flow sensor configured to detect a flowrate of
the air through the mouthpiece, one or more lights visible to
a user of the inhaler during use, and a controller coupled to
the one or more lights, the flow sensor, and the vibratable
element. The controller is configured to, when the flowrate
is between a first threshold value and a second threshold
value greater than the first, vibrate the mesh and provide a
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first indication using one of the one or more lights to the user
of the inhaler indicating that the flowrate is in a desired
range between the first and second threshold values; when
the flowrate exceeds the second threshold value, stop vibra-
tion of the mesh and provide a second indication using one
of the one or more lights to the user of the inhaler indicating
that the flowrate is above the desired range; when the
flowrate falls below the first threshold value during aero-
solization of the liquid medicament, stop vibration of the
mesh and provide a third indication using one of the one or
more lights to the user of the inhaler indicating that the
flowrate is below the desired range; and after substantially
the entire amount of liquid medicament received onto the
mesh has been aerosolized, provide a fourth indication to the
user of the inhaler indicating that dosage is complete. In
some embodiments, the first threshold value is 7 L/min and
the second threshold value is 14 L/min. In some embodi-
ments, the first indication is a constantly-illuminated light of
a first color, the second indication is a light flashing at a first
rate, the third indication is a light flashing at a second rate
slower than the first rate is, and the fourth indication is a
light of a second color different from the first.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described in conjunction with the
appended figures:

FIG. 1A depicts an interior of an aerosolization device
according to embodiments of the invention;

FIG. 1B shows a cross section of FIG. 1A according to
embodiments of the invention;

FIG. 2 depicts a front of the aerosolization device of FIG.
1A according to embodiments of the invention;

FIGS. 2A-2D illustrate four different indications of states
in the operation of the aerosolization device of FIG. 1A, in
accordance with embodiments of the invention.

FIGS. 3A-3K illustrate restrictor plates according to
embodiments of the invention;

FIG. 4 shows a restrictor plate within a conduit of an
aerosolization device according to embodiments of the
invention;

FIGS. 5-7 show laminar flows created by restrictor plates
within the conduit of FIG. 4 according to embodiments of
the invention;

FIGS. 8A-8C depict conduits having mouthpiece ends at
various angles according to embodiments of the invention;

FIG. 9 shows an input device on an acrosolization device
according to embodiments of the invention; and

FIG. 10 is a block diagram of a method of using an
aerosolization device according to embodiments of the
invention.

FIG. 11 shows experimental results of test of an inhaler
embodying the invention, as overlaid on results of a previous
comparative literature review.

In the appended figures, similar components and/or fea-
tures may have the same numerical reference label. Further,
various components of the same type may be distinguished
by following the reference label by a letter that distinguishes
among the similar components and/or features. If only the
first numerical reference label is used in the specification,
the description is applicable to any one of the similar
components and/or features having the same first numerical
reference label irrespective of the letter suffix.

DETAILED DESCRIPTION OF THE
INVENTION

The ensuing description provides exemplary embodi-
ments only, and is not intended to limit the scope, applica-
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bility or configuration of the invention. Rather, the ensuing
description of exemplary embodiments will provide those
skilled in the art with an enabling description for imple-
menting various embodiments of the invention. It will be
understood that various changes may be made in the func-
tion and arrangement of elements without departing from the
spirit and scope of the invention as set forth in the appended
claims. For example, any detail discussed with regard to one
embodiment may or may not be present in variations of that
embodiment, and/or in other embodiments discussed herein.

Embodiments of an aerosolization device for assisting in
proper delivery of an aerosolized medication to a user’s
respiratory system are described herein. In many embodi-
ments, liquid medicament may be provided to an aerosoliza-
tion device in a metered dose. The liquid medicament may
be dispensed to an aerosol generator. In some embodiments,
the liquid medicament may be provided via a chamber or
reservoir that funnels the liquid medicament into the aerosol
generator where the liquid medicament is aerosolized for
delivery into a user’s respiratory system. In other embodi-
ments, a separate container holding the liquid medicament
may couple with the aerosolization device to provide the
liquid medicament thereto.

In some embodiments, an aerosolization device may
include a conduit, an aerosol generator in communication
with the conduit, a restrictor plate disposed within the
conduit, and an indicator mechanism coupled with the
conduit. In many embodiments, some or all of these com-
ponents are disposed within a housing. In some embodi-
ments, the conduit and/or the aerosol generator may be
removably coupled with or received within the housing. By
providing a removable conduit and/or aerosol generator, the
aerosolization device may be easily cleaned and dried, thus
preventing contamination and buildup of pathogens and/or
other contaminants.

In some embodiments, the conduit may include a mouth-
piece end by which a user may cause an inspiratory flow
through the conduit. A user may inhale through the mouth-
piece to create the inspiratory flow of air that may transport
an aerosolized medicament to the user. In some embodi-
ments, the mouthpiece end of the conduit may deliver the
aerosolized medicament to the user at an angle relative to a
horizontal plane. Such a delivery angle may be selected
based on the dosage and type of medicament to be delivered
to the user’s respiratory to ensure that a substantial portion
of'the aerosolized medicament is delivered to the respiratory
system without becoming stuck in the user’s mouth, throat,
and/or other area.

In many embodiments, a sensor is used to determine when
a parameter of the inspiratory flow is within a predefined
desired or operating range of the aerosolization device
and/or the aerosol generator. For example, a flow sensor or
pressure transducer may be used to determine a flow rate or
pressure differential within the conduit. Other types of
sensors and flow parameters may also be employed/mea-
sured. For example, the flow parameter can be an inspiratory
flow rate, inspiratory pressure, inspiration time, and the like
detected by a flow sensor, timer, pressure transducer, or
other sensing mechanism. A processing unit coupled with
the sensor may compare the sensed value to a stored desired
range. In some embodiments, the desired range of a flow
parameter for a particular medicament delivery may corre-
spond to the operating range of the aerosol generator. In
other embodiments, the desired range of a flow parameter
may be narrower or broader than the operating range of the
aerosol generator.
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In some embodiments, the aerosol generator may include
a vibratable mesh. When the parameter of the inspiratory
flow is within the desired or operating range, the vibratable
mesh may be vibrated for an operating period sufficient to
aerosolize substantially all of any liquid medicament dis-
posed on a top of the vibratable mesh. The vibratable mesh
may be domed shaped and be vibrated by an annular
piezoelectric element (not shown) or other electro-mechani-
cal resonating device that circumscribes the vibratable mesh.
The vibratable mesh is vibrated when one or more flow
parameters are within an operating range of the aerosol
generator. For example, a flow sensor and/or pressure trans-
ducer in communication with the conduit may detect that an
inspiratory flow rate and/or a pressure differential within the
conduit is within an operating range of the acrosol generator.
A processor may control a circuit to provide an electric
current to the piezoelectric element to vibrate the mesh.
Typically, the vibratable mesh will be vibrated at a fre-
quency in the range from about 50 kHz to about 150 kHz to
aerosolize the dose of liquid medicament.

In many embodiments, the inhaled air may pass through
a restrictor array within the conduit. In one embodiment, the
restrictor array may be a restrictor plate that has a plurality
of apertures passing therethrough. As air passes through the
apertures, the apertures provide an increase in pressure
differential that varies according to the inspiratory flow rate
within the conduit. The apertures also provide a relatively
laminar flow downstream of the restrictor plate compared to
upstream of the restrictor plate. In many embodiments, the
apertures are disposed along an outer periphery of the
restrictor plate. In some embodiments, the vibratable mesh
may be located downstream of the restrictor plate or other
restrictor array and produce a plume of aerosolized medi-
cament within the relatively laminar flow produced by the
restrictor array. In some embodiments, the restrictor array
may include multiple restrictor plates in series.

The indicator mechanism may indicate to a user a state of
a parameter of the inspiratory flow relative to a predefined
desired range. In some embodiments, the indicator mecha-
nism may indicate to the user a state of the aerosolization
device in the alternative or in addition to indicating a state
of a parameter of the flow. For example, the indicator may
be a light, analog/digital display or readout, speaker, vibra-
tion-generating device, and/or other feature that alerts a user
as to the state of the parameter. In some embodiments, the
state of the parameter can be an inspiratory flow rate,
inspiratory pressure, inspiration time, and the like detected
by a flow sensor, timer, pressure transducer, or other sensing
mechanism. The indictor may inform the user if they are
within or outside of the desired range for the parameter.

In some embodiments, an ‘end of dose’ indication can be
provided to a user when an entire dose of the medicament
has been aerosolized. Such an indication may be provided
upon a sensor, such as a load or flow sensor, detects that
substantially all of the medicament has been acrosolized.
Another indication may also be provided to the user inform-
ing them of when the liquid medicament is actually being
aerosolized by the activated vibratable mesh. Such indica-
tions of a state of the flow parameter and/or state of the
aerosolization device can be provided by the indicator
mechanism described above, such as by providing a distin-
guishable indication from the indication of the state of the
flow parameter. For example, the state of the flow parameter
may be indicated by a green light and the indication of the
end of dose may be provided by a blue light. In other
embodiments, the end of dose indication and/or the aero-
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solization indication may be provided by one or more
separate indicator mechanisms.

In some embodiments, the indicator mechanism may be
used direct a user in how to properly inhale and thereby
ensure proper delivery of the medicament to the user’s
respiratory system. To do so, the indicator mechanism may
alert the user when a parameter, such as an inspiratory flow
rate within the conduit, is within a predefined desired range.
The aerosol generator may be configured to aerosolize the
liquid medicament when the inspiratory flow is within the
redefined flow rate range. For example, the predefined
desired range of the inspiratory flow rate within the conduit
may be between about 5 and 14 liters per minute (L/min). An
indication as described above, such as a light or sound
emitted by a speaker, may be produced to alert the user that
the user’s inhalation is maintaining the inspiratory flow rate
within the desired range, and thus when the aerosol genera-
tor is active.

In some embodiments, a first indication may be provided
with the parameter is within the desired range and a second
indication may be provided when the parameter is outside of
the desired range. For example, the first indication may
include a light being turned on or a sound, such as a beep,
being emitted. The second indication may include a light
being turned off or a previous continuously emitted sound
ceasing. Other indications may include emitting a different
color of light or different frequency of sound than the first
indication to indicate a change in state of a parameter. In
some embodiments, the second indication can alert a user
whether the state of the parameter is higher or lower than the
desired range. For example, a flashing light may be emitted
with a relatively long period between flashes to alert the user
when the state of the parameter is lower than the desired
range and a flashing light having a relatively short period
between flashes may be emitted to alert the user that the state
of the parameter is higher than the desired range. Similar
uses of vibrations and sounds may be used in conjunction
with, or in alternative to, light indicators.

In some embodiments indicating to the user the state of
the parameter of the inspiratory flow relative to the pre-
defined desired range may include the indicator mechanism
providing a first indication when the parameter of the
inspiratory flow is within the predefined desired range, the
indicator mechanism providing a second indication when the
parameter of the inspiratory flow is within a predefined
secondary range (i.e., potentially an acceptable, but less than
optimum, range), and the indicator mechanism providing a
third indication when the parameter of the inspiratory flow
is outside of both the predefined desired range and the
predefined secondary range.

In some embodiments, the aerosolization device may
further include an input device for receiving and setting the
predefined desired range of the parameter of the inspiratory
flow. For example, the input device may include a barcode
scanner, radio frequency identification (RFID) reader, key-
board, or any other input device that can receive an input
from the user regarding one or more parameters of the
inspiratory flow, such as a desired flow rate, inspiratory
pressure, or inspiration time. In some embodiments, the
desired flow rate may be visually or otherwise encoded on
the medicament delivery container, and read by the aero-
solization device therefrom.

In some embodiments, the parameter of the inspiratory
flow may include the inspiratory flow rate within the con-
duit. The predefined desired range of the inspiratory flow
rate may be between about 5 and 14 liters per minute
(L/min). In some embodiments, the parameter of the inspira-
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tory flow may include the inspiration time. The predefined
desired range of the inspiration time may be between about
5 and 26 seconds. In some embodiments, multiple param-
eters may be measured and referred to. For example, in one
embodiment, a certain amount of inspiration time of a
minimum inspiratory flow may be necessary.

In some embodiments, the aerosolization system may
include electronic elements including, but not limited to, a
processing element and a memory unit. The processing
element may be used to control the actuation of the aerosol
generator, indicator mechanisms, and input devices, as well
as any sensors such as flow sensors and pressure transducers.
The memory unit may be configured to store settings and
ranges set by the input device for the parameters of the
indicator mechanism and/or aerosol generator. The memory
unit may also be configured to store data related to past
aerosolization sessions, as well as information provided by
medicament delivery vessels attached thereto.

Turning now to the drawings, FIGS. 1A and 1B illustrate
an aerosolization device 100, in accordance with various
embodiments of the invention. Aerosolization device 100
includes a conduit 102 and an aerosol generator 104 in
communication with the conduit 102. The aerosolization
device 100 may also include one or more indicator mecha-
nisms 106, shown here as indicator lights. The one or more
indicator mechanisms may be coupled with the a housing
108, or some other portion of device 100. Conduit 102 and
aerosol generator 104 may also optionally be coupled with
housing 108.

In some embodiments, conduit 102 may include a mouth-
piece end 110 through which a user may inhale to produce
an inspiratory flow to deliver aerosolized medicament to the
user’s respiratory system. As seen in FIG. 1B, the aerosol
generator 104 may include a vibratable mesh 112. Liquid
medicament can be dispensed onto the vibratable mesh 112,
either directly from a vial of liquid medicament or indirectly
by being funneled onto the vibratable mesh 112 by tapered
walls of a fluid receiving chamber 114. In many embodi-
ments, the vibratable mesh 112 is vibrated via a mechanism
controlled by a processor to aerosolize a volume of liquid
medicament when a flow rate of the inspiratory flow is
within an operating range of the aerosol generator 104.
When vibrated, the vibratable mesh 112 operates to produce
a plume of aerosolized medicament within the conduit 102
such that the aerosolized conduit can be inhaled into the
user’s lungs.

Exemplary aerosol generators that can be used are also
described in U.S. Pat. Nos. 5,164,740, 6,629,646; 6,926,
208; 7,108,197; 5,938,117, 6,540,153; 6,540,154; 7,040,
549; 6,921,020; 7,083,112; 7,628,339; 5,586,550; 5,758,
637; 6,085,740; 6,467,476, 6,640,804; 7,174,888; 6,014,
970; 6,205,999; 6,755,189; 6,427,682; 6,814,071; 7,066,
398, 6,978,941, 7,100,600; 7,032,590; 7,195,011,
incorporated herein by reference. These references describe
exemplary aerosol generators, ways to manufacture such
aerosol generators and ways to supply liquid to aerosol
generators, and are incorporated by reference for at least
these features.

In some embodiments, the one or more indicator mecha-
nisms 106 may include lights, such as LEDs. Indicator
mechanisms 106 may also include speakers/or and vibration
generating mechanisms to direct users as to a state of the
aerosolization device. For example, indicator mechanisms
106 can be used to direct a user when the aerosolization
device 100 is ready for use. Indicator mechanisms 106 may
also indicate a state of a parameter of the inspiratory flow
created by the user. For example, the indicator mechanisms
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106 may instruct a user to alter an inhalation rate to increase
or decrease a flow rate within the conduit 102 to ensure
proper delivery of the aerosolized medicament and/or to
ensure that the flow rate is within the operating range of the
aerosol generator 104 such that the vibratable mesh 112
aerosolizes the liquid medicament. Indicator mechanisms
106 may also be used to indicate to a user when substantially
all of a dose of liquid medicament has been acrosolized
and/or inhaled. Additional sensors may be required in order
to provide the functionality described above.

In some embodiments, the aerosolization device 100
include a processing unit or integrated circuit (IC) 138 that
controls the function of or runs computer code to control
other electronic components of the aerosolization device
100. Aerosolization device 100, including IC 138, may be
powered by batteries 140 that are coupled with IC 138. IC
138 may be electrically coupled with electronic components,
such as any sensors, indicating mechanisms 106 and/or a
piezoelectric element of aerosol generator 104. IC 138 can
control the actuation of the indicator mechanisms and/or the
aerosol generator 104 based on information received from
any sensors, such as flow sensors or pressure transducers in
fluid communication with the conduit 102. In some embodi-
ments, IC 138 may be electrically coupled with the conduit
102 and/or the aerosol generator 104 using a plug 124. The
conduit 102 and/or aerosol generator 104 may be removable
from housing 108. The conduit 102 and/or aerosol generator
104 may be inserted into housing 108 and interfaced with
plug 124 to supply power to and control actuation of the
aerosol generator 104 based on measurements from sensors
in fluid communication with conduit 102. For example plug
124 may have a male connector 144 that interfaces with a
female connector 146 on conduit 102. In some embodi-
ments, plug 124 may include a female connector that inter-
faces with a male connector on conduit 102.

FIG. 2 shows a top view of aerosolization device 100 and
indicator mechanisms 106 according to embodiments of the
invention. In some embodiments, indicator mechanisms 106
can include a breathing indicator 116 and a battery indicator
118. Breathing indicator 116 can direct a user when and how
to breath to maximize delivery of the acrosolized medica-
ment to the user’s lungs. In some embodiments, breathing
indicator 116 can include multiple indicators, such as vari-
ous colored LEDs, to provide the user more detailed guid-
ance. Breathing indicator 116 may be in the shape of a
chevron that includes 3 colors of LEDs.

In some embodiments, optimal pulmonary delivery of
medicaments such as liquid insulin occurs at specified flow
rates and inspiratory times. For example, an optimal flow
rate may be between about 5 and 14 I/min, or more often
between about 7 and 14 L/min. Flow rates that are too high
or too low can result in losses in the amount of aerosolized
medicament delivered to the proper locations of a user’s
respiratory system, for example by lack of entrainment of
the medicament in the airflow of the inhaler or by impaction
of the medicament in parts of the respiratory system where
deposition is not desired. The optimal flow rate may depend
on the diameter of the airflow channel in the inhaler. An
optimal inspiratory time may be between 6 and 24 seconds.
Breathing indicator 116 can be used to direct a user to
maintain an inhalation within these parameters.

In one embodiment, a light, such as a steady green light
emitted from an LED, will be produced using breathing
indicator 116 to instruct a user that flow within the aero-
solization device 100 is within the operating range of the
aerosolization device 100 to aerosolize a dose of medica-
ment. As a user inhales at the mouthpiece end 110 of the
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conduit 102, the inhalation flow rate is detected by a flow
sensor or a pressure transducer that can convert a pressure
differential within the conduit 102 into a flow rate. The
detection of an inhalation having proper flow parameters
results in activation of the aerosol generator 104 to produce
aerosolized medicament particles into the conduit 102. The
light from breathing indicator 116 may be slowly flashed to
indicate that the user is breathing too slowly (i.e., causing a
low flow rate) as compared to the operating range, should
aspiratory conditions change. For example, a flashing green
light may be emitted having a period of between about 500
and 1000 milliseconds (ms) and a frequency of about 1.25
hertz (Hz) to indicate that the aerosolization device 100 is
activated during a time with little or no air flow, such as
before the user begins to inhale through the mouthpiece 110.
The light may be flashed quickly to direct the user that they
are breathing too quickly (i.e., causing a high flow rate). For
example, a flashing green light may be emitted from the
breathing indicator 116 having a period of between about 50
and 250 ms and a frequency of about 6.25 Hz when the flow
rate is excessive. The aerosol generator 104 may be config-
ured to not aerosolize any medicament when the flow rate is
too high or too low.

The breathing indicator 116 may produce a different
colored light as an “end of dose” indictor to indicate that
substantially all of the dose of medicament has been deliv-
ered. For example, a blue light may be emitted for a period
of time, such as between about 1 and 10 seconds to alert the
user that substantially all of the dose has been aerosolized
and inhaled. Delivery of the ‘entire’ dose may be predefined
as when at least about 95% of the dose is delivered, more
preferably 98% and most preferably when more than 99% of
the dose is aerosolized. To receive the dose, the user may
take several inhalations or a single inhalation depending on
the volume of liquid drug to be delivered and the user’s
breathing capacity. Each inhalation may be monitored by the
device, with feedback provided to the user via indicator 116,
to insure proper delivery to the lungs. In some embodiments,
the operation of the end of dose indicator may be delayed for
a period, such as up to about 5 seconds after substantially all
of the dose has been delivered, thus providing a “chaser” of
air into the lungs. This chaser may serve to clear the upper
airway and maximize the amount of the dose that is trans-
ported to the user’s lungs. In other embodiments, the opera-
tion of the end of does indicator may be delayed until the
user completes the inhalation during which the end of does
was detected. In some embodiments, the inhaler is automati-
cally shut off after the end of the dose is reached, for
example shortly after the end of dose indication is given to
the user.

In embodiments where the conduit 102 and/or aerosol
generator 104 are removable from housing 108, a light may
be emitted to instruct a user that one or both of the conduit
102 and the aerosol generator are not completely seated,
coupled together, and/or engaged within the housing 108. It
will also be appreciated that other shapes and numbers of
lights may be used in breathing indicator 116. Breathing
indicator 116 may also use different numbers or types of
lighting elements, colors of light, intensities of light, flashes
of light having different periods, vibration patterns, sounds,
and/or any combination of such indications to direct a user
on how to properly inhale using the aerosolization device
100. For example, breathing indicator 116 may include a
multi color LED, which may provide any or all of the
indications made by breathing indicator 116. A multi color
LED has the capability to generate light of different colors
from within the same LED package, depending on how it is
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electrically driven. For example, the same LED package
may produce green light at one time, and blue light at
another time. A multi color LED can be flashed in the same
way that a single color LED can be flashed. In some
embodiments, a single multi color LED provides an indica-
tion that the user is breathing too slowly, an indication that
the user is breathing at a desired flow rate, an indication that
the user is breathing too quickly, and an end of dose
indication, of the types described above, or of different
types. Indicator mechanisms 106 may also be used to
provide other indications related to the aerosolization device
100.

In some embodiments, the battery indicator 118 can
indicate to a user an amount of charge remaining on a battery
of the aerosolization device 100 which powers the functions
thereof. The battery indicator may be a digital readout of a
charge level or may be a light emitting device, such as an
LED, that emits one or more colors of light to indicate a
relative state of charge. For example, the battery indicator
118 may emit a single color light to indicate when a charge
is low. In other embodiments, the battery indicator 118 may
emit three or more colors of light to indicate various levels
of charge to show a status of the charge over time.

FIGS. 2A-2D illustrate four different indications of states
in the operation of aerosolization device 100, in accordance
with one embodiment. FIG. 2A shows a first indication in the
form of a steady green light, as may be used to indicate that
the flowrate is in a desired range between a first threshold
value and a second threshold value. FIG. 2B shows a second
indication in the form of a rapidly flashing yellow light, as
may be used to indicate that the flowrate is above the desired
range. FIG. 2C shows a third indication in the form of a
slowly flashing yellow light, as may be used to indicate that
the flowrate is below the desired range. FIG. 2D shows a
fourth indication in the form of a steady blue light, as may
be used to indicate that dosage is complete.

FIGS. 3A-3K depict embodiments of flow restrictor plates
that may be positioned within a conduit, such as conduit 102
of FIGS. 1A and 1B. Restrictor plates, such as restrictor
plate 300qa, create resistance to and limit airflow through a
conduit while adding minimal to no length to a conduit.

The restrictor plate 300a provides an increase in pressure
differential that varies with inspiratory flow rates. This
pressure differential exists between the conduit and outside
of the conduit and/or atmospheric pressure such that as the
user’s inhalation force increases, the pressure differential
drops to maintain a relatively constant flow rate within the
conduit that stays in a desired flow rate range. In some
embodiments, the pressure differential increases in a linear
relationship with the flow rate as the user’s inhalation force
increases. Sensory feedback provided by sensors and/or
indicator mechanisms, such as those described above, may
allow the user to relate inspiratory pressure with the required
flow rate required to operate the aerosol generator. Restrictor
plate 300a defines a plurality of apertures 302a for air to
pass through. Apertures 302a can be positioned around an
outer periphery of the restrictor plate 300a such that air
passing through the apertures forms a relatively laminar flow
downstream of the restrictor plate 300a. Apertures 302a can
be of any shape or size to create a relatively laminar flow.
For example, apertures may be circular and have diameters
ranging between about 0.5 mm to 1.5 mm. The size and
pattern of the plurality of apertures 3024 can prevent airflow
through a solid center portion of the restrictor plate 300a,
while allowing airflow through the apertures on the periph-
ery thereof.
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FIGS. 3B-3K show embodiments of restrictor plates
defining alternative arrangements of apertures. For example,
FIG. 3B shows restrictor plate 3005 defining a plurality of
apertures 3025 arranged in a spoke pattern. FIG. 3C shows
a restrictor plate 300¢ defining a plurality of apertures 302¢
arranged in a circular pattern. FIG. 3D shows a restrictor
plate 3004 defining a plurality of apertures 302d arranged in
a half circle pattern along a bottom of the restrictor plate
300d. FIG. 3E shows a restrictor plate 300e defining a
plurality of apertures 302¢ arranged in a half circle pattern
along a top of the restrictor plate 300e. FIG. 3F shows a
restrictor plate 3007 'defining an aperture 302/that reduces an
effective diameter of a conduit. FIG. 3G shows a restrictor
plate 300g defining an aperture 302g that reduces an effec-
tive diameter of a conduit. FIG. 3H shows a restrictor plate
300~ defining an aperture 302/ that reduces an effective
diameter of a conduit. FIG. 31 shows a restrictor plate 300/
defining a tightly grouped plurality of apertures 302i
arranged along an outer periphery of the restrictor plate 300i.
FIG. 3] shows a restrictor plate 3005 defining a plurality of
apertures 302; arranged in a half circle pattern along a top
half of the restrictor plate 300;. FIG. 3K shows a restrictor
plate 300% defining a plurality of apertures 302% arranged in
a circular pattern.

FIG. 4 illustrates a restrictor plate 400 positioned within
a conduit 402 in accordance with embodiments of the
invention. Restrictor plate 400 is disposed within the conduit
between a pressure transducer 404 that is in fluid commu-
nication with an interior of the conduit and an aerosol
generator 406. The pressure transducer 404 monitors a
pressure differential within the conduit 402 relative to out-
side of the conduit and/or atmospheric pressure. A process-
ing unit or IC, such as IC 138 of FIGS. 1A and 1B, may
execute software that converts the pressure reading to a flow
rate throughout the conduit 402. This flow rate may be used
to determine when to activate the aerosol generator 406 to
aerosolize a volume of liquid medicament. Restrictor plate
400 may have the characteristics of the restrictor plates
300a-300% discussed above. Restrictor plate 400 creates a
laminar flow upstream of the aerosol generator 406 such that
the aerosolized medicament is deposited within the laminar
flow and entrained within the laminar flow before the
aerosolized medicament contacts a wall of the conduit 402
opposite of the aerosol generator 406, in order to maximize
the amount of medicament delivered to the user.

FIGS. 5-7 are laminar flow diagrams of airflow through
conduit 402 and restrictor plate 400 having a structure
similar to restrictor plate 300a. As airflow reaches restrictor
plate 400, the pressure differential is increased and a rela-
tively laminar flow is created to contact aerosolized medi-
cament. The laminar flow provides a consistent velocity field
to deliver the aerosolized particles to the user’s respiratory
system in a consistent manner while minimizing impactive
losses. Additionally, the laminar flow minimizes an amount
of aerosolized medicament that may be deposited on a wall
of the conduit. FIG. 7 shows the laminar flow contacting
aerosolized medicament produced by the acrosol generator
406. The aerosolized medicament is entrained in the laminar
flow before the medicament contacts a wall opposite of the
aerosol generator 406. The entrained aerosolized medica-
ment is then carried out of the conduit 402 to a user’s
respiratory system.

FIGS. 8A-8C show an aerosolization device having a
mouthpiece end angled at various angles to direct airflow
into a user’s respiratory system. Mouthpiece end angles may
be set based on the volume of a dose, type of medicament
to be delivered, and length and diameter of the conduit of an
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aerosolization device. FIG. 8A shows an aerosolization
device 800 having a mouthpiece end 802 angled downward
15° relative to a horizontal plane. FIG. 8B shows aerosoliza-
tion device 800 having mouthpiece end 802 parallel relative
to a horizontal plane. FIG. 8C shows aerosolization device
800 having mouthpiece end 802 angled upward 15° relative
to a horizontal plane. Other angles relative to a horizontal
plane of up to 30° up or down relative to a horizontal plane
may be used to maximize delivery of the medicament to the
user’s respiratory system.

FIG. 9 shows an aerosolization device 900 having an
input device 902 coupled with a housing 904. In some
embodiments, input device 902 may be coupled with a
conduit. Input device 902 is configured to receive an input
from a user that sets parameters for an inspiratory flow
determined by a pressure transducer (not shown) within the
conduit. The input may be manually entered by a user,
provided via wireless interface, provided via wired interface,
such as universal serial bus (USB), or in any other manner.
The parameters, which may include a flow rate, an inspira-
tory pressure, an inspiratory time, and the like, may be used
to determine when an aerosol generator of the aerosolization
device 900 are actuated, as well as to set ranges for indicator
mechanisms (not shown) that direct the user on when and
how to breath. An input device 902 may include a keyboard
or similar interface, a barcode scanner or RFID reader to
receive flow parameters from a user or a container or label
of the medicament. Aerosolization device 800 may be con-
figured similar to any of the aerosolization devices described
herein, and may include the same or similar features.

FIG. 10 depicts a method 1000 of delivering an aero-
solized medication to a user’s respiratory system using the
aerosolization devices described herein. The method may
include sensing a state of a flow parameter of an inspiratory
flow within a conduit at block 1002. Sensing a state of a flow
parameter may be done using sensors, such as a flow sensor
or the pressure transducer 404 of FIG. 4. The method may
also include vibrating a mesh of an aerosol generator in
communication with the conduit to aerosolize a volume of a
liquid medicament at block 1004. This vibration produces a
plume of aerosolized medicament within a conduit of the
aerosolization device when a state of the flow parameter is
within a predefined desired range. For example, when an
inspiratory flow rate determined by the pressure transducer
is within an operating range of the aerosolization device, the
mesh may be vibrated. The plume of aerosolized medica-
ment may be provided within a relatively laminar flow
produced by a restrictor plate disposed within the conduit
upstream of the plume of aerosolized medicament. The
laminar flow sweeps the aerosolized medicament toward a
mouthpiece end of the conduit before the medicament
contacts a wall of the conduit opposite the aerosol generator.
The aerosolized medicament is then directed into a user’s
respiratory system. The method may further include provid-
ing an indication using an indicator mechanism coupled with
the conduit of the state of the flow parameter relative to the
predefined desired range at block 1006.

In some embodiments, providing an indication may
include providing a first indication when the flow parameter
is within the predefined desired range and providing a
second indication when the flow parameter is outside of the
predefined desired range. In other embodiments, providing
an indication may include providing a first indication when
the flow parameter is within the predefined desired range,
providing a second indication when the flow parameter is
within a predefined secondary range, and providing a third
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indication when the flow parameter is outside both the
predefined desired range and the predefined secondary
range.

By indicating the state of the flow parameter within
intermediate ranges, a user can alter a rate of inhalation to
maximize the efficiency of a delivery of acrosolized medi-
cament. For example, for an aerosol generator having an
operating range for a flow rate of between about 5 and 14
L/min, a predefined desired range may be from between
about 8 and 11 L/min. A predefined secondary range may be
set within the remaining operating range of the aerosol
generator. For example, the secondary range may be
between about 5 and 7 L/min and between about 12 and 14
L/min. A first indication, such as a green light, may be
provided when the flow rate is within the predefined desired
range. A second indication, such as a yellow light, may be
provided when the flow rate is outside of the desired range
but within the secondary range. In other embodiments, a
slowly flashing yellow light may be used to indicate that the
flow rate is within the lower secondary range and a quickly
flashing yellow light can indicate that the flow rate is within
the higher secondary range. A third indication, such as a red
light, may be used to indicate that flow rate is outside of both
the desired range and the secondary range.

Such systems that provide intermediate ranges can help a
user correct or otherwise adjust an inhalation rate to main-
tain a flow rate within a desired or operating range of the
aerosolization device before the flow rate is unacceptably
inefficient or inoperable to actuate the aerosol generator.
This can help a user develop more consistent and efficient
inhalations. Multiple intermediate ranges, both within and
outside of, the operating range of the aerosol generator may
be provided to further aid a user in adjusting the inhalation
rate. Additionally, the intermediate ranges may be focused
on ensuring that an efficient flow rate range is maintained,
rather than ensuring that an operating range of the aerosol
generator is maintained.

In some embodiments, the method may further include
providing an indication that the liquid medicament is ready
to be aerosolized and providing an indication that substan-
tially all of the liquid medicament has been aerosolized. The
method may optionally include receiving an input via an
input device of the aerosolization device to set the pre-
defined desired range of the flow parameter.

Experimental Results

A series of in silico, in vitro, and human user studies were
conducted to determine the preferred operating conditions
for an inhaler as described above. It was desired to provide
relatively large quantities of inhaled medicament (up to 255
ul, e.g.) to a patient with minimal loss of medicament in the
inhaler, to provide the dose relatively quickly (within 1-5
breaths, e.g.), and to preferentially deposit the medicament
in the peripheral portion of the user’s lungs rather than the
central portion of the user’s chest.

The studies were based on a vibrating mesh aerosol
generating technology developed by Aerogen, Inc., of Gal-
way, Ireland, and used in Aerogen’s Solo nebulizer. The
mesh includes over 1000 funnel shaped apertures, and can
produce respirable particles in the 3.5-5 micron diameter
range at an output rate of 0.4-0.6 m[./min.

The in silico studies suggested that when using a flow path
diameter of 10 mm and introducing the aerosol into the flow
path from the side, an air flow rate of 5 L/min or more would
entrain aerosol with minimal contact on the opposing wall of
the flow path.
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The in vitro studies varied the particle size, aerosol output
rate, plume force, and inspiratory flow rate, with the inten-
tion of identifying the highest percent of dose delivered
distal to the trachea of a model throat. A number of orifice
arrays such as those described above were tested, acting as
a fixed resistor to produce sufficient back pressure without
creating turbulence of the inhaled gas. The orifice patterns
shown in FIGS. 3E and 31 were included in the tests, with
the pattern of FIG. 31 being somewhat preferred. The in vitro
studies suggested an optimum flow rate of 7 to 14 L/min for
the particle size tested. This range of flow rates is sufficient
to entrain the aerosol in the flow path, but is relatively low
in comparison with prior devices, contributing to good
deposition in the peripheral portion of the lungs.

Several users were also tested to evaluate whether the
various signals provided by the device could assist in
leading the users to breath properly to ensure optimal
medicament deposition. A simulator was used for these tests.
Naive subjects were trained to interpret the meaning of the
light signals emitted by the inhaler, and were requested to
adjust their breathing to maintain a desired flow rate (for
example indicated by a steady green light). In a test of nine
adult subjects, all of the subjects learned by their third
inhalation to maintain an inspiratory flow rate of 7-14 L/min,
and all were able to hold their breaths for five seconds after
an inhalation. Six of the nine subjects also attempted to
maintain an inspiratory flow rate of 9-12 L/min, but were
less likely to complete an inspiration without exceeding
these limits. The subjects also reported being less subjec-
tively comfortable with the narrower range.

In addition, a human study was done to evaluate the actual
effectiveness of the inhaler and its operation in delivering
medicament to the peripheral lung tissue. For this study, the
results were measured using 2-D planar scintigraphy. This
was a randomized crossover study on six healthy adults
between 18-60 years of age with no history of smoking or
lung disease. All subjects were randomized to inhale aerosol
with one of two inhalation patterns, with a seven-day
washout prior to testing with the other pattern. The two
breathing patterns were as follows:

Breathing Pattern 1—Gently and fully exhale, followed
by maximal inhalation within the flow limits indicated
by a solid LED, followed by a 5 second breath hold.
Exhale into filter. Repeat until end of dose is indicated.

Breathing pattern 2—Gently and fully exhale, inhaled
through the inhaler for 5 sec, remove inhaler from
mouth and inhale ambient air (chase air) for 1 sec,
followed by 5 second breath hold. Exhale into the filter.

All subjects inhaled an aerosol of technetium labeled
diethylenetriamine pente-acetic acid (99 mTc-DTPA) with
an activity of 1 mCi and 0.9% saline solution in a total dose
volume of 0.2 ml using a breath actuated vibrating mesh
inhaler (Dance Biopharm, San Francisco, Calif.) which
generates aerosol during inspiratory flow rates between 7
and 14 L/min, with a mean mass aerodynamic diameter
(MMAD) ranging from 3.0-4.5 micron and geometric stan-
dard deviation of 2.0 as determined with a chilled next
generation impactor (NGI). Immediately after nebulization
was complete, radiation was counted with a scintillation
camera (FORTE, Adac Laboratories, EUA) for 300 seconds,
with a matrix of 256x256 in a view of posterior thorax,
followed by a scan of the upper airway, and then device
components (inhaler device, MPC and the filter into which
subjects exhaled) to determine a mass balance of radioaero-
sol.

Analysis of radiolabeled aerosol deposited in the pulmo-
nary and extra pulmonary compartments were expressed as
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a percentage of the total count. Left and right lung were
delineated into regions of interest (ROI) on the horizontal
(central, intermediate and peripheral) in accordance with
previously reported methods. The ratio of peripheral and
central counts were expressed as P/C ratio.

All subjects were asked for to express preference of the
two breathing patterns.

Statistical analysis was carried out using SPSS 20.0
software (Statistical Package for the Social Sciences). The
Shapiro-Wilk and Wilcoxon test were used. Group data were
summarized using means and standard deviations. Differ-
ences between groups were evaluated by Mann Whitney
test. All tests were conducted at a 95% confidence level and
significance level of p<0.05.

Pattern 1, had a range of 10-20 sec inspiratory time, and
trended towards higher lung dose with lower deposition in
the mouthpiece than Pattern 2. The lung deposition with
Pattern 1 was similar to prior in vitro findings with the
Copley throat of 60-76%. Pattern 2 resulted in lower lung
deposition and a 2 fold increase in the number of breaths
required to complete the dose. The Peripheral to Central
ratio of the right lung for all subjects trended higher with
breathing Pattern 1 (2.49+0.6) than Pattern 2 (2.17+0.8).

Both breathing patterns were well tolerated, with subject
preference for Pattern 1 as determined by questionnaire.

The aerosol flow path design of aerosol emitted into the
path of inhaled gas passing through the mouthpiece resulted
in upper airway deposition of 9-12%. Other aspects of the
performance of the system are represented in FIG. 11. FIG.
11 shows the performance of an inhaler embodying the
invention as measured by the P/C ratio and lung deposition
percentage, overlaid on data from a comparative literature
review summarized in Clark (2012), Understanding Pen-
etration Index Measurements and Regional Lung Targeting.
Journal of Aerosol Medicine and Pulmonary Drug Delivery,
25(4), 179-187. In general, a higher P/C ratio and a higher
lung deposition are desirable.

It will be apparent to those skilled in the art that various
modifications and variations can be made in the method and
system of the present invention without departing from the
spirit or scope of the invention. Thus, it is intended that the
present invention include modifications and variations that
are within the scope of the appended claims and their
equivalents.

What is claimed is:

1. A method of operating an inhaler, the method compris-
ing:

a) receiving a dose of liquid medicament onto a vibratable

mesh;
b) monitoring a flowrate of air flowing through the
inhaler, the flow of air resulting from an inhalation by
a user of the inhaler;

¢) actuating a vibratable element to vibrate the mesh,
causing aerosolization of liquid medicament and cre-
ating a plume of aerosolized liquid medicament in the
flowing air, wherein the plume of aerosolized medica-
ment is made up of droplets having a mean mass
aerodynamic diameter of between 3.5 and 5 microns,
and wherein the plume of aerosolized medicament is
supplied directly to a conduit through which the air
flows through the inhaler, and the plume of aerosolized
medicament is supplied through a side of the conduit;

d) while less than substantially the entire amount of liquid

medicament received onto the mesh has been aero-

solized:

1) when the flowrate is between a first threshold value
and a second threshold value, continuing to vibrate
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the mesh and providing a first indication to the user
of the inhaler indicating that the flowrate is in a
desired range between the first and second threshold
values;

2) when the flowrate exceeds the second threshold
value, stopping vibration of the mesh and providing
a second indication to the user of the inhaler indi-
cating that the flowrate is above the desired range;

3) when the flowrate falls below the first threshold
value during aerosolization of the liquid medica-
ment, stopping vibration of the mesh and providing
a third indication to the user of the inhaler indicating
that the flowrate is below the desired range; and

e) after substantially the entire amount of liquid medica-

ment received onto the mesh has been aerosolized,
providing a fourth indication to the user of the inhaler
indicating that dosage is complete;
wherein:
the first indication is constantly-illuminated light of a first
color, the second indication is light flashing at a first
rate, the third indication is light flashing at a second rate
slower than the first rate, and the fourth indication is
light of a second color different from the first; and

the conduit comprises a restrictor plate that is positioned
upstream of the vibratable element such that the air
flow in which the plume of aerosolized medicament is
introduced is relatively laminar.
2. The method of claim 1, wherein the first threshold value
is about 7 L/min and the second threshold value is about 14
L/min.
3. The method of claim 1, further comprising providing
the third indication before the flowrate has reached the first
threshold value.
4. The method of claim 1, wherein the first, second, third,
and fourth indications are all provided by a single multi-
color light emitting diode.
5. The method of claim 1, further comprising, when
aerosolization of the dose of medicament is completed
during an inhalation by the user of the inhaler, delaying the
fourth indication.
6. The method of claim 5, wherein delaying the fourth
indication comprises delaying the fourth indication until the
end of the inhalation during which aerosolization of the dose
of medicament is completed.
7. The method of claim 1, further comprising automati-
cally shutting off the inhaler after the aerosolization of the
dose of medicament is completed.
8. The method of claim 1, wherein more than one inha-
lation by the user of the inhaler is required to achieve
aerosolization of substantially the entire dose of liquid
medicament.
9. A method for operating an inhaler, the method com-
prising:
a) receiving a dose of liquid medicament onto a mesh;
b) monitoring a flowrate of air flowing through the
inhaler, the flow of air resulting from an inhalation by
a user of the inhaler;

¢) once the flowrate of air is between a first threshold
value and a second threshold value, actuating a vibrat-
able element to vibrate the mesh, causing aerosoliza-
tion of liquid medicament from the liquid medicament
dose and creating a plume of acrosolized liquid medi-
cament in the flowing air, wherein the plume of aero-
solized medicament is made up of droplets having a
mean mass aerodynamic diameter of between 3.5 and
5 microns, and wherein the plume of aerosolized medi-
cament is supplied directly to a conduit through which
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the air flows through the inhaler, and the plume of
aerosolized medicament is supplied through a side of
the flow channel,;

d) subsequently, when the flowrate is between 7 L/min
and 14 L/min, continuing to vibrate the mesh and
constantly illuminating a light that is visible to the user
of the inhaler; and when the flowrate exceeds 14 L/min,
stopping vibration of the mesh and causing the light to
flash, wherein:

the conduit comprises a restrictor plate that is positioned
upstream of the vibratable element such that the air
flow in which the plume of aerosolized medicament is
introduced is relatively laminar.

10. The method of claim 9, further comprising:

when the flowrate falls below 7 L/min during aerosoliza-
tion of the liquid medicament, stopping vibration of the
mesh and causing the light to flash more slowly than
when the flowrate is above 14 L/min.

11. The method of claim 10, further comprising:

after substantially the entire amount of liquid medicament
received onto the mesh has been aerosolized, generat-
ing constantly-illuminated light of a different color than
when the flowrate is between 7 and 14 L/min.

12. An aerosolization system, comprising:

a housing defining a mouthpiece and a liquid receptacle
fluidly coupled to the mouthpiece, wherein the liquid
receptacle defines an opening configured to receive a
dosage of liquid medicament;

a conduit in the mouthpiece through which air inhaled by
a user of the system flows when the user inhales
through the mouthpiece;

a restrictor plate that is disposed within the conduit and
that creates a relatively laminar flow from the inhaled
air

an aerosol generator disposed within the housing down-
stream of the restrictor plate, wherein the aerosol
generator comprises:

a mesh; and

a vibratable element configured to vibrate the mesh to
turn the dosage of liquid into an aerosol, wherein the
aerosol is made up of droplets having a mean mass
aerodynamic diameter of between 3.5 and 5 microns,
and wherein the aerosol is supplied directly to the
relatively laminar flow within the conduit through a
side of the conduit;

a flow sensor configured to monitor a flowrate of the air
through the mouthpiece;

one or more lights visible to a user of the inhaler during
use; and

a controller coupled to the one or more lights, the flow
sensor, and the vibratable element, wherein the con-
troller is configured to:
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a) once the flowrate of air is between a first threshold
value and a second threshold value and while less
than substantially the entire amount of liquid medi-
cament received onto the mesh has been aerosolized:
1) when the flowrate is between a first threshold

value and a second threshold value greater than
the first, vibrate the mesh and provide a first
indication using one of the one or more lights to
the user of the inhaler indicating that the flowrate
is in a desired range between the first and second
threshold values;

2) when the flowrate exceeds the second threshold
value, stop vibration of the mesh and provide a
second indication using one of the one or more
lights to the user of the inhaler indicating that the
flowrate is above the desired range;

3) when the flowrate falls below the first threshold
value during aerosolization of the liquid medica-
ment, stop vibration of the mesh and provide a
third indication using one of the one or more lights
to the user of the inhaler indicating that the
flowrate is below the desired range; and

b) after substantially the entire amount of liquid medi-
cament received onto the mesh has been aerosolized,
provide a fourth indication to the user of the inhaler
indicating that dosage is complete;

wherein the first threshold value is about 7 L/min and the

second threshold value is about 14 L/min.

13. The aerosolization system of claim 12, wherein the
first indication is a constantly-illuminated light of a first
color, the second indication is a light flashing at a first rate,
the third indication is a light flashing at a second rate slower
than the first rate is, and the fourth indication is a light of a
second color different from the first.

14. The method of claim 1, wherein step d) is performed
throughout a maximal inhalation by the user.

15. The method of claim 14, wherein the maximal inha-
lation lasts between 10 and 20 seconds.

16. The method of claim 9, wherein step d) is performed
throughout a maximal inhalation by the user.

17. The method of claim 16, wherein the maximal inha-
lation lasts between 10 and 20 seconds.

18. The method of claim 1, wherein the vibratable mesh
is laterally offset and outside of an inner wall of the conduit.

19. The method of claim 1, wherein the vibratable mesh
comprises a plurality of funneled shaped apertures that
produce the droplets having a mean mass aerodynamic
diameter of between 3.5 and 5 microns.

20. The method of claim 1, wherein the vibratable mesh
produces the droplets at an output rate of between 0.4
ml/min and 0.6 mL/min.
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